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ABSTRACT Direct torque control (DTC) systems for open-end winding permanent magnet synchronous
motors (OEW-PMSM) with common DC bus generate zero sequence currents (ZSC) and large torque ripple,
resulting in increased system loss and poor operating characteristics. In this paper, a DTC based on five level
torque hysteresis (FLTH) is proposed to improve the system performance. Firstly, an online calculation and
selection strategy based on switch table is designed to suppress ZSC. By analyzing the composition of zero
sequence voltage and using the double vector method to suppress it, the ZSC can totally be suppressed in
theory, without affecting the system performance. On this basis, this paper proposes to add FLTH to DTC to
reduce torque ripple. FLTH can not only effectively use many voltage vectors, but also reduce torque ripple.
In the case study, the torque ripple rate has been reduced by 53%. Through simulation and experiment, the
conventional DTC and the FLTH DTC are compared, and the results prove the validity of the proposed
strategy.

INDEX TERMS Direct torque control (DTC), open-end winding permanent magnet synchronous motor
(OEW-PMSM), five-level torque hysteresis (FLTH), zero-sequence current (ZSC), torque ripple.

I. INTRODUCTION
As a special type of permanent magnet synchronous motor
(PMSM), the open-end winding PMSM (OEW-PMSM) has
attracted increased attentions in recent years, particularly in
the transportation sector (such as electric vehicles) where
speed regulation performance is essentially crucial [1],
[2], [3]. Because of its unique structure, the OEW-PMSM
can improve the voltage utilization ratio, and expand the
speed range. For an OEW-PMSM, it is usually driven by
dual inverters with common DC bus using direct torque
control strategy, and the system enjoys the features of low
cost, flexible control, fast response, etc [4], [5]. Theoretically
speaking, a dual-inverter fed OEW-PMSM can achieve twice
the speed range of a PMSM. However, the system suffers
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from one major drawback, which is the ZSC. The ZSC will
increase the busbar current [6], thereby increasing the loss of
power devices and affecting the operating characteristics of
the motor.

Dual inverters are connected to the same DC source
through a common DC bus, which does not require high
equipment, but forms a zero-sequence voltage in the inverter
circuit [7]. ZSC will not only reduce the utilization rate of the
inverter, but also cause the ripple of torque and flux linkage,
which affects the promotion and application of dual-inverter
fed OEW-PMSM with common DC bus [8], [9]. Therefore,
suppression of ZSC has become a hot issue. For the ZSC
suppression method of the dual-inverter structure, software
suppression methods are more commonly used. In addi-
tion, the dual-inverter system has more redundant switch-
ing states, which provides conditions for suppressing the
ZSC through modulation. The dual-inverter structure will
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generate 19 switching vectors, some of which do not generate
common-mode voltage.

In [10], only 7 vectors that do not generate zero
sequence voltage are used for PWM method. Although the
zero-sequence voltage is eliminated, it reduces the utilization
rate of the DC bus voltage. Reference [11] designs a software
program to clamp and fix the switching state of one inverter,
while the other inverter acts as a compensator to modulate
the desired voltage. And the working time of the zero vec-
tor is reasonably arranged in the corresponding position in
the switching cycle, the positive and negative values of the
common mode voltage in one MOSFET working cycle can
cancel each other, the average value is zero, and the purpose
of reducing the switching frequency can be achieved. But
under this method, the common mode voltage will change
with the operating frequency. The high-frequency variation
of the common mode voltage will induce shaft voltage and
shaft current on the motor shaft, which is also harmful to
the operation of the motor. In addition, although 19 voltage
vectors are used in this method, there is still the problem of
low DC bus voltage utilization.

Similarly, the article [12], [13], [14] studied the influence
of the zero-sequence voltage generated by the zero vector
on the common mode voltage of the inverter. By designing
and calculating the position and time of the zero vector in a
switching cycle, it can be realized to eliminate commonmode
voltage.

As a new type of motor structure, the dual-inverter OEW-
PMSM provides more voltage vectors, which provides the
conditions for the improvement of the performance of the
DTC. But the DTC has the problem of large torque ripple.
In view of the drawbacks of the conventional DTC algorithm,
many efforts have been made in literature to improve the
control performance of DTC. The main solutions can be
divided into three types: changing the switch table or torque
hysteresis adjustment; adding SPWM to the DTC strategy
and model predictive control (MPC) combined with torque
control [15], [16], [17], [18], [19], [20], [21], [22], [23].

The first control strategy to change the switch table or
torque hysteresis regulation is mainly achieved by designing
a complicated hysteresis regulator or increasing the number
of the voltage vectors [15], [16], [17]. In the second method,
the space pulse modulation (SVM) is added to the DTC
strategy, which is mainly through the integration of vector
control and DTC [18], [19], [20]. In the third solution, model
prediction combined with torque control is used to calculate
themost appropriate voltage vector through predictive control
algorithm, thus eliminating the design of switch table [21],
[22], [23].

This paper proposes a direct torque control strategy for
OEW-PMSM systems with common DC bus based on five-
level hysteresis. This strategy not only suppresses the ZSC,
but also realizes the effective suppression of torque ripple.
The rest of the paper will proceed in accordance with the
following aspects. In Section II, the mathematical model and
voltage dual-inverter model with common DC sources fed

OEW-PMSM are established. In Section III, the control algo-
rithm of five-level hysteresis DTC for commonDCbusOEW-
PMSM is proposed. In Section IV, losses and torque ripple of
the algorithm are analyzed. In Section V, through experiment
results, the rationality and correctness of the proposed strat-
egy are proved. Finally, the conclusion is given in Section VI.

II. MATHEMATICAL MODEL OF OEW-PMSM WITH
COMMON DC BUS
The block diagram of standard OEW-PMSM with common
DC bus is presented in Fig. 1. Since the neutral point of the
three-phase permanent magnet synchronous motor is open,
the common DC bus structure provides a loop for the har-
monic current, and the harmonic current also constitutes a
part of the ZSC, so the third harmonic of the OEW-PMSM
cannot be ignored. The representation of the stator flux link-
age in the ABC coordinate system is as follows: ψsAψsB
ψsC

 =
 LA MAB MAC
MBA LB MBC
MCA MCB LC

 isA
isB
isC

+
 ψrAψrB
ψrC


(1)

where ψrAψrB
ψrC

 = ψ1r

 cos θr
cos (θr − 2π/3)
cos (θr + 2π/3)

+ ψ3r

 cos 3θr
cos 3θr
cos 3θr


(2)

The angle between α − axis and d − axis is the rotor
electrical angular θras showed in Fig. 2, Li(i = A,B,C)
are self-inductance of each phase windings, Mij(i, j =
A,B,C; i 6= j) are mutual inductance every two phase sta-
tor windings, ψ1r,ψ3r are fundamental and third harmonic
component of rotator permanent flux, respectively.

FIGURE 1. Dual-inverter fed OEW-PMSM with common dc bus topology.

FIGURE 2. Definitions of the fundamental component coordinate system.
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In the ABC coordinate system, the three-phase stator volt-
age is as follows:

usA

usB

usC

 =

Rs 0 0

0 Rs 0

0 0 Rs




isA

isB

isC

+
d
dt


ψsA

ψsB

ψsC

 (3)

where Rs is phase resistance.
In the dq0 coordinate system, the electromagnetic torque

can be further simplified as follows:

Te =
3
2
pn
[
ψ1r isq + (Ld − Lq)isqisd − 3

√
3ψ3r sin(3θr )is0

]
(4)

where pn is number of pole pairs, isq, isd are the current of
q-axis and d-axis in the dq0 coordinate system, is0 is the zero
sequence current of the stator winding, and the inductances
of the d-axis and q-axis are Ld ,Lq, respectively.
According to equation (4), the electromagnetic torque

of three-phase OEW-PMSM includes main electromag-
netic torque, reluctance torque and harmonic zero-sequence
torque. The reluctance of the motor studied in this paper is
zero and is not considered. If the ZSC is not zero, on the
one hand, it will affect the torque output, on the other hand,
it will increase the system loss and reduce the maximum
output power. In addition, the stability of the system will
also be affected. Therefore, to reduce torque ripple, it is first
necessary to suppress ZSC.

In this paper, DTC is applied to OEW-PMSM with com-
mon DC bus. Applying the characteristics of multiple volt-
age vectors of OEW-PMSM with dual inverters, designing
a switch table for online calculation, making full use of
different voltage vectors to output the electromagnetic torque
of the motor. The ZSV and the third harmonic of the back
EMF are calculated online and suppressed in each electric
cycle.

OEW-PMSM is driven and powered by two parallel invert-
ers composed of 12 switches. The switching state of power
switches on the three-phase 3H bridge arm determines the
working state of the two parallel inverters. For each inverter
module, as shown in Fig. 3, their voltage vector spatial distri-
bution is the same as the conventional three-phase two-level
inverter.

The combination of these voltages can generate 19 volt-
age vectors. As shown in Fig. 4, the system has 19 volt-
age space vectors, namely 18 non-zero voltage vectors and
1 zero vector on αβ plane. Moreover, for the same voltage
vector, it may correspond to several different state combi-
nations. For example, the six switch states corresponding to
u5 can be expressed as: {43′, 57′, 58′, 61′, 72′, 82′}. In the
case of voltage vector 43′, Inverter 1 generates the voltage
vector 4 (011). Meanwhile, Inverter 2 generates the voltage
vector 3′ (010).

III. PROPOSED MODULATION STRATEGY BASED ON
FLTH CONTROLLER OF OEW-PMSM
A. ZSC SUPPRESSION METHOD BASED ON ONLINE
CALCULATION OF SWITCH TABLE
The ZSC mainly caused by the ZSV generated by the two
inverters with common DC bus and the third harmonic of the
back EMF. The equivalent zero sequence circuit is shown in
Fig. 5. ZSV can be expressed as follows:

us0 = Rsis0 + Lsσ1
d
dx
is0 − 3ψ3rωr sin(3θr)

= us01 − us02 − e3 (5)

where is0 is the stator ZSC, Lsσ1 is phase leakage inductance,
ωr is the electrical angular velocity of the rotor and e3 is the
third harmonic of the back EMF.

FIGURE 3. Single inverter vector.

FIGURE 4. 19 Voltage vectors.

FIGURE 5. Equivalent zero sequence circuit.

According to (5), the ZSV can be directly obtained by
simply calculating the common mode voltage generated by
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the two inverters. In the DTC, the switch table has been
designed, then the switch state of the inverter can be deter-
mined. Through the analysis of the voltage vector switch
state, we can directly obtain the commonmode voltage. In the
αβ0 coordinate system, the common mode voltage can be
directly determined after the switch state is determined. For
example, the common mode voltages corresponding to the
6 switch states of u5 are shown in Table 1. In the process of
designing the switch table, we only select one switch state
of u5, then the corresponding common mode voltage can be
known. Assuming that u5 is selected as the active vector in a
working cycle, and the corresponding common mode voltage
is 1

/
3Vdc, then the ZSV can be known as follows:

us0 =
1
3
Vdc − e3 (6)

where Vdc is bus voltage.

TABLE 1. The common mode voltages corresponding to the 6 switch
states of u5.

After determining the ZSV, the next step is to suppress
the ZSC. In this paper, zero vector is used to modulate the
ZSV. There are 10 switching states for the zero vector of
dual inverters common DC bus three-phase OEW-PMSM.
In this paper, the zero vectors 78’ (000111) and 87’ (111000)
are selected, and the zero vector in the opposite direction is
selected according to the direction of the ZSV in the circuit.
Moreover, the other 8 zero-vectors will not generate ZSV in
the actual control process, that is, they cannot play a role
in suppressing the ZSC. In a charge balance in an electrical
cycle, we can get the equation as follows:{

Ts = T1 + T2
e3 = T1ucmv + T2u0

(7)

where ucmv is common mode voltage of active vector, u0
is voltage of zero vector, Ts is an electrical cycle, and
T1,T2 are the working hours of active vector and zero vector
respectively.

After simplification, it can be obtained, if ucmv =

−1
/
3Vdc, the result is shown in (8), and if ucmv = 1

/
3Vdc,

the result is shown in (9).
T1 =

1
4
Ts −

3
4
e3
Vdc

Ts

T2 =
3
4
Ts +

3
4
e3
Vdc

Ts
(8)


T1 =

1
4
Ts +

3
4
e3
Vdc

Ts

T2 =
3
4
Ts −

3
4
e3
Vdc

Ts
(9)

B. PROPOSED DTC STRATEGY BASED ON FLTH
From Fig. 4 of the distribution of the voltage vector on the
fundamental plane, we can see that in the same direction of
each large vector, there is a small vector, such as vectors u1
and u13. These two vectors have the following characteristics:
the two vectors have the same increase or decrease effect on
the torque or flux linkage, that is, increase or decrease the
torque or flux linkage at the same time; the difference is that
the greater the vector amplitude, the opposite rotation the
increment of moment or flux linkage is also larger.

In order to reduce torque ripple and take full advantage of
the more abundant voltage vectors of OEW-PMSM, the third-
level torque hysteresis comparator in equation is changed to
the following five-level hysteresis comparator:

τ =



+2 T ∗e − Te > Bh
+1 Bh > T ∗e − T > Bl
0 other
−1 −Bl > T ∗e − T > −Bh
−2 −Bh > T ∗e − T

(10)

where Bh, Bl is the bandwidth of the outer layer and inner
layer of the FLTH controller in sequence. The principle of the
FLTH controller is shown in Fig. 6. A five-level hysteresis is
added to the three-level hysteresis. If the large vector acting at
the kth moment is replaced by a voltage vector with a smaller
amplitude in the same direction, the torque will decrease in
a Ts period. A small amount will become smaller, and the
instantaneous sampled torque value at k+1 at the end of the
control period can be kept within the set inner hysteresis
bandwidth. At the next moment k+1, since the actual value is
still within the given value range, a small vector is also used.
When the actual torque value exceeds the inner hysteresis
bandwidth at k+3, but does not exceed the outer hysteresis
bandwidth, a small vector is used to reduce the torque, so that
it can be restored to a small torque ripple interval, so as to
achieve the purpose of reducing torque ripple.

This article mainly studies the suppression strategy of
torque ripple, so the flux linkage controller still uses the
conventional two-level hysteresis controller. Since the switch
status of the lower arm is opposite to that of the upper arm,
only the switch status of the upper bridge arm is listed here,
and the switch table based on the FLTH controller DTC can be
obtained as shown in Table 2. In this paper, 12 certain switch
states are selected in six sectors to design the switch table,
where the common mode voltage generated by all the switch
states is 1

/
3Vdc, but there are different voltage directions.

The size of the hysteresis width determines the type of vec-
tor that acts on the next control cycle, and has a decisive effect
on the performance of the control system torque. In this paper,
we set the outer bandwidth of the five-level hysteresis loop
to the same width as the conventional three-level hysteresis
loop. Although the large vector is twice as large as the small
vector, considering the sector width, the different positions
of the vector function leave a certain margin. I conducted a
detailed simulation analysis on the relationship between the
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width of the two-stage hysteresis loop and compared it with
the experiment. The results of the analysis curve are shown
in Figure 7. The results show that the ratio of the width of
the two-stage hysteresis loop has a significant impact on the
torque ripple, and the optimal result is finally selected for the
experiment. The DTC block diagram based on the FLTH is
shown in Fig.8. The program flowchart of the proposed FLTH
strategy is shown in Fig. 9.

TABLE 2. Vectors switching table of FLTH controller based DTC.

FIGURE 6. Principle of the five-level torque hysteresis controller.

FIGURE 7. Relationship between Bl/Bh and torque ripple.

The detailed implementation process of the proposed strat-
egy is as follows.
Step 1: The voltage vector plane is divided into six sectors,

and the specific division result is shown in Fig. 4.

Step 2: Calculate the phase angle of the voltage and deter-
mine which sector is in Si(i =1-6).
Step 3: Select the voltage vector in the switch table accord-

ing to the output signal of the five-level torque hysteresis and
flux hysteresis.
Step 4: Determine the direction and magnitude of the

common mode voltage, and select the zero vector opposite
to the direction
Step 5: Use the online calculation switch table to calculate

the working time T1 and T2 of the active vector and the zero
vector.
Step 6: Output the corresponding voltage vector signal

according to the calculated T1 and T2.

FIGURE 8. The DTC block diagram based on the five-level torque
hysteresis.

IV. LOSS ANALYSIS AND TORQUE RIPPLE
CHARACTERISTIC
The impact of the proposed method on motor performance,
including power loss and torque ripple, needs to be investi-
gated, as described in this section. Themotor parameters used
in the simulation and experiment are shown in Table 3.

TABLE 3. Nominal parameters of an OEW-PMSM drive.

121766 VOLUME 10, 2022



Y. Yang et al.: Five-Level Hysteresis DTC of OEW-PMSM With ZSC Suppression and Torque Ripple Reduction

FIGURE 9. The program flowchart.

A. LOSS ANALYSIS
Currents with imperfect waveforms cause additional power
losses in the system. In addition to mechanical losses, the
main power losses of OEW-PMSMs include copper and iron
losses. Mechanical losses can be considered constant. For the
copper loss, ignoring the skin effect, for the harmonic compo-
nents contained in the phase current, the average copper loss
can be calculated by (11)

Pcopper =
3ω
2π

∫ 2π/ω

0
i2Rdt (11)

Without suppression, the magnitude of steady-state ZSC
will be very large, which will seriously affect the phase
currents and cause relatively large energy loss. After the
suppression, the ZSC is zero, which directly avoids the power
loss of this part. Hence, the phase currents before and after
ZSC suppression are shown in Fig. 10, and the copper losses
of the motor are 8.4W and 0.525W respectively. It can be seen
that the copper loss of the motor without suppressing the ZSC
is 16 times that after the suppression.

Considering that the switching frequency will increase
the loss, the switching frequencies of the three methods are
analyzed, and the results are shown in the Fig. 11. We can
find that the switching frequency of the proposed method is
indeed higher than that of the traditional DTC, and fluctuates
in a certain range with the speed change. This is because
the proposed method increases the zero vector in the process
of suppressing the ZSC. At the same time, the process of
reducing torque ripple is accompanied by the problem of
selecting the optimal vector. This inevitably increases the
switching frequency.

B. TORQUE RIPPLE ANALYSIS
Fig. 12 shows the difference in torque ripple characteristics
between the proposed method and the conventional method.
The rotational speed is 400 rpm, and the load is set to 0.4 Nm.
The quantitative comparison results of the two methods are
shown in Table 4. It can be seen from the table that the torque
ripple rate of the method proposed in this paper is 3.2%,
while that of the traditional method is 6.9%, indicating that
the algorithm strategy has obvious effects and can reduce
the torque ripple rate. In addition, under the rated torque
condition, the torque ripple of the motor remains stable with
the speed change.

FIGURE 10. Stator three-phase current. (a) ZSC is not suppressed. (b) ZSC
is suppressed.

FIGURE 11. Switching frequencies comparison under different speeds.

FIGURE 12. Torque ripple of the proposed method and the conventional
method.

The resultant torque ripple consists of two parts from (4).
The first is the torque ripple introduced by the q-axis current.
Since the inductances of the d-axis and q-axis are equal in
this paper, the second part is zero. The last one is the torque
ripple introduced by the third harmonic flux linkage.
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TABLE 4. Torque characteristics of proposed mothed and conventional
mothed.

FIGURE 13. The rotor flux linkage.

The torque ripple introduced by the q-axis current against
fundamental flux linkage is obtained as

T1 =
3
2
pnψ1r isq (12)

where ψ1r is shown in Fig. 13. The flux fluctuates around
0.1172Wb. The results of the proposed method are basically
the same as those of conventional DTC.

V. EXPERIMENTAL VALIDATION
The experimental setup is shown in Figure 14. Two three-
phase voltage source inverters are connected to the ends of
each winding. The proposed algorithm is verified by using
the driver of TI DSP28379d system and the 0.75 kW inner
rotor OEW-PMSM, and the system parameters are shown in
Table 3. The PWM switching frequency is 20 kHz, and the
dead time is set to 2 µs. The DC bus voltage is 24 V.

FIGURE 14. The experimental rig.

A. STEADY-STATE EXPERIMENTAL STUDY
To investigate the steady-state performance of the proposed
system, DTC with ZSC, DTC with ZSC suppression, the
proposed strategy and DRM-DTC in [10] are adopted in a

three-phase OEW-PMSM, respectively. These three methods
are defined as methods I, II III and IV respectively.

Figure 15-18 shows the steady-state operation of the four
methods. Phase current, ZSC and torque are all verified at
400r/min. It can be seen that the ZSC of method I is obvi-
ous, because it is a DTC scheme for PMSM and does not
consider suppressing the ZSC. The latter two methods sup-
press ZSC according to the operation characteristics of OEW-
PMSM, and the motor runs stably. Through the fast Fourier
transform (FFT) analysis of the phase currents, the total
harmonic distortion (THD) and third harmonic component
of the four methods are 58.53%, 14.20%, 11.36%, 12.20%,
58.65%, 8.21%, 6.13% and 6.15% respectively. Through the
self comparison of the first three methods, it is found that the
thirdmethod has better steady-state performance. At the same
time, by comparing the method proposed in this paper with
the method IV, it is found that although the two methods have
two completely different directions, the experimental results
are basically the same, which also proves the effectiveness
of the algorithm in this paper. Although ZSC suppression
measures were applied in the latter three methods, a small
amount of ZSC could still be found in the current. The
reasons are analyzed as follows. First, in order to ensure
that the switch tube is not damaged, the dead time must
be added to the PWM signal. The existence of dead time
will introduce uncontrollable ZSV in the PWM duty cycle,
resulting in the existence of a small amount of ZSC. Secondly,
the experimental results are not as perfect as the simulated
waveforms, also because the simulation modeling and exper-
imental control strategy only consider the third harmonic, and
the experimental motor will have higher harmonics, which
also affects the experimental results to a certain extent.

From the steady-state torque waveforms of method I and
method II, it can be seen that after suppressing ZSC, the
torque ripple is reduced to a certain extent. This is because
in (4), the third harmonic magnetic potential and the ZSC
only constitute a very small part, and the ZSC is reduced
to 0, which eliminates the influence of the third part on the
torque ripple, thereby affecting the torque ripple. There is a
certain reduction effect. But due to the shortcomings of the
DTC algorithm itself, the torque ripple is still large. Then,
after comparing Method II and Method III, it can be found
that the torque ripple is significantly reduced. It shows that
the method proposed in this paper can improve the steady-
state performance of the motor and effectively reduce the
torque ripple. But the final experimental effect still has a
certain torque ripple, the reasons are as follows. The algo-
rithm proposed in this paper is still carried out on the basis
of DTC. Under the premise of not changing the essence of
the DTC algorithm, the torque ripple will always exist, so
the experimental effect must still be incomparable with the
experimental effect of the FOC algorithm.

B. DYNAMIC EXPERIMENTAL STUDY
To investigate the difference in dynamic performance of
the three methods, experiments were carried out under
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FIGURE 15. Experimental results of Method I at 400 r/min. (a) Speed,
three-phase currents, ZSC and torque. (b) FFT analysis results.

FIGURE 16. Experimental results of Method II at 400 r/min. (a) Speed,
three-phase currents, ZSC and torque. (b) FFT analysis results.

commutation and speed change, sudden loading and
unloading conditions, and the results are shown in
Figures 19 and 20. It can be seen from Figure 19 that the three
methods have similar dynamic performance, and the reaction
times of the three methods are the same during the sudden

FIGURE 17. Experimental results of Method III at 400 r/min. (a) Speed,
three-phase currents, ZSC and torque. (b) FFT analysis results.

FIGURE 18. Experimental results of Method IV at 400 r/min. (a) Speed,
three-phase currents, ZSC and torque. (b) FFT analysis results.

acceleration and sudden commutation of the motor. It shows
that the proposed strategy improves the motor running con-
dition without sacrificing the dynamic performance of the
system, which is also the advantage of the proposed algo-
rithm. When the speed reference changes, the phase current
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FIGURE 19. Dynamic performance comparison under speed changes
condition. (a) Method I. (b) Method II. (c) Method III.

can respond quickly and complete the corresponding speed
change work. In addition, there is no overshoot during rapid
speed changes. The ZSC changes slightly during the dynamic
change of the motor, but becomes zero soon after the motor is
stable. This is because in the dynamic process of the motor,
in order to meet the requirements of fast response, a little
ability to control the ZSC is sacrificed. It shows that although
the algorithm proposed in this paper increases the complexity
of the algorithm, it does not affect the fast dynamic response
capability of DTC. Figure 20 shows the noise immunity per-
formance of the threemethods under variable load conditions.
The q-axis current and torque maintain this dynamic consis-
tency, and can be quickly adjusted according to themagnitude
of the load torque. At the same time, the speed will fluctuate
slightly in the case of load disturbance, but it can recover

FIGURE 20. Dynamic performance comparison under loading/unloading
condition. (a) Method I. (b) Method II. (c) Method III.

quickly. The dynamic differences of the three methods are
mainly reflected in the current and torque. Method III can
maintain a fast dynamic response, while having better current
and smaller torque ripple. These results demonstrate the good
dynamic performance of the proposed method.

VI. CONCLUSION
This paper proposes a FLTH DTC, which is applied to the
OEW-PMSM system of common DC bus. For the proposed
strategy, the ZSC generated by the dual-inverter system and
the common DC bus is calculated online, and the zero vector
is applied to modulate to suppress the ZSC. At the same
time, using the advantages of a large number of switching
states owned by OEW-PMSM, a suitable voltage vector is
selected, and a FLTH is used to reduce the torque ripple of
the DTC system. Through comparative analysis, the optimal
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width ratio of the two hysteresis loops is determined, and the
goal of reducing the torque ripple of the system is achieved.
The steady-state performance and dynamic performance of
the proposed strategy are compared and analyzed. The results
show that the performance of the proposed method is signif-
icantly better than the traditional DTC with ZSC and DTC
with ZSC suppression. The proposed method suppresses the
ZSC and reduces the torque ripple, while retaining the excel-
lent dynamic response ability of the DTC algorithm, which
provides some references and ideas for the application of
electric vehicles.
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